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The phospholipid (PL) molecular species compositions of bacteriophages PRD1 and Bam35 as well as their respective hosts were
determined quantitatively using liquid chromatography/electrospray ionization mass-spectrometry (LC-ESI-MS) and backed up by gas-
chromatographic/mass-spectrometric (GC-MS) analysis of the total fatty acids (FAs). The results showed that both viruses contain significantly
more phosphatidylglycerol (PG) and less phosphatidylethanolamine (PE) than the host membranes. Only modest differences in the molecular
species composition of the viruses and their respective hosts were observed, indicating that the virus assembly process is relatively
nonselective in respect of the fatty acid (FA) proportion of phospholipids (PL). These data indicate that the PL composition of these two viruses
is largely, albeit not exclusively, determined by the availability of phospholipids in the host membrane.
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Viruses are classified by the type of their nucleic acid, the
hosts they infect, and their morphology (http://www.
ncbi.nlm.nih.gov/ICTV/). Although rapidly accumulating
sequence data have been helpful in classifying closely
related viruses, it has been less useful when comparing more
distant species with no obvious sequence similarities. How-
ever, accumulation of high-resolution structural data has
offered an additional way to study similarities between virus
species. It is apparent that viral structures (and functions) are
much more conserved than sequences (Bamford, 2003;
Bamford et al., 2002a). One example of such a structural
conservation is that initially observed for adenovirus and
bacteriophage PRD1 (Benson et al., 1999) and later extended
to other viruses (Nandhagopal et al., 2002; Ravantti et al.,
2003).
We have extensively studied bacteriophage PRD1, an
icosahedral dsDNA virus infecting several Gram-negative0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: dennis.bamford@helsinki.fi (D.H. Bamford).host bacteria harboring an Inc P, N, or W incompatibility
group conjugative plasmid (Bamford et al., 1995; Grahn et
al., 2003). PRD1 has a linear 15-kbp-long genome with 5V
covalently linked terminal proteins. The diameter of the
particle is approximately 640 A˚ and the trimeric major coat
protein is organized in a pseudo T = 25 lattice that includes a
viral membrane (Butcher et al., 1995; San Martin et al.,
2002). The vertices have spikes required for binding to the
cell surface receptors (Bamford and Bamford, 2000; Cal-
dentey et al., 2000). One of the vertices contains a portal
structure responsible for the ATP-driven packaging of the
genome into the viral membrane vesicle (Gowen et al., 2003;
Stro¨msten et al., 2003). The viral membrane consisting of a
lipid bilayer with embedded proteins is intimately associated
with the external protein coat (Butcher et al., 1995; San
Martin et al., 2002) and plays a crucial role in the delivery of
the genome to the host cell by forming a tubular structure
that penetrates the cell envelope (Grahn et al., 2002). There
are at least 10 virally encoded integral membrane proteins
involved in this process beside two lytic enzymes required
for the penetration of the peptidoglycan layer (Rydman and
Bamford, 2002).
PRD1 belongs to a group of closely related bacterioph-
ages (sequence similarity >96%) in the Tectiviridae family
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yses, carried out using conventional methods, on one of
these viruses (PR4) revealed that phospholipids (PL)
constituted 98% of the total lipids and consisted of
phosphatidylethanolamine (PE), phosphatidylglycerol
(PG), and cardiolipin (CL) representing 56%, 37%, and
4.5% of the total lipids, respectively. The fatty acid (FA)
composition resembled that of the Escherichia coli host
(Davis et al., 1982). The PL and FA compositions of
PR4 can be modified by growing the phage in mutant
hosts with altered PL composition (Muller and Cronan,
1983). The two layers of the PL head groups, but not
the intervening hydrophobic core, of the PRD1 mem-
brane are well defined in the density maps of PRD1
virions obtained by cryo-electron microscopy and image
analysis (Butcher et al., 1995; Martin et al., 2001).
Crystallization of the PRD1 virion was recently reported
(Bamford et al., 2002b; Cockburn et al., 2003) and the
crystal structure determination is on its way, thus pro-
viding the first high-resolution structure of a biological
membrane.
Tectiviridae also include members that infect Gram-
positive hosts (Bamford and Ackermann, 2000). One of
them, Bam35 (infecting Bacillus thuringiensis; Ackermann
et al., 1978), is morphologically indistinguishable from
PRD1 and its genome has almost exactly the same length
as that of PRD1, although the sequence similarity is low
(Ravantti et al., 2003). However, the detailed knowledge of
PRD1 allowed many of the genes to be annotated such that
the organization of the genome of Bam35 was found closely
similar to that of PRD1 (Ravantti et al., 2003). In addition,
our preliminary structural work also indicates that the
position of the lipid bilayer in Bam35 is very similar to
that in PRD1.
Here we have extended the comparison of these two
groups of tectiviruses infecting Gram-negative and Gram-
positive hosts, respectively, by carrying out a detailed
analysis of the PL composition of the virions and their hosts
using a recently developed powerful technique, that is,
quantitative liquid chromatography/electrospray ionization
mass-spectrometry (LC-ESI-MS). These results are also of
critical importance for interpretation of the high-resolution
electron density map of the PRD1 membrane.Fig. 1. Phospholipid class composition of bacteriophage PRD1 and the
outer and cytoplasmic membranes of its host, S. enterica DS88. The
compositions were determined as described in Materials and methods. Error
bars equal the standard deviation (n = 4 for PRD1; n = 2 for CM and OM of
DS88).Results
The floatation equilibrium centrifugation method provid-
ed a good separation of the outer (OM) and cytoplasmic
membrane (CM) of Salmonella enterica DS88, with average
densities of 1.24 F 0.02 and 1.17 F 0.02 g/ml, respectively,
in agreement with previous studies on Gram-negative enteric
bacteria (Cronan et al., 1987; Ishinaga et al., 1979; Kadner,
1996; Nikaido, 1996; Nikaido and Vaara, 1987; Osborn et
al., 1972; Schnaitman, 1970). The third protein peak repre-
sents soluble proteins that stay at the bottom of the gradient.SDS-PAGE analysis showed negligible cross-contamination
between the OM and CM fractions (data not shown).
Phospholipid class, molecular species, and fatty acid
compositions of PRD1 and its S. enterica host
The PL class composition of the PRD1 membrane was
compared with those of the host CM and OM (Fig. 1). In all
of these membranes, PE was the most abundant PL. The
relative amount of PG was higher in PRD1 as compared to
either the CM or the OM of the host DS88. The PL class
compositions of the CM and the OM were similar, except
that the PG to CL ratio wasf3 in CM, but onlyf1 in OM.
The PL class composition of PRD1 determined here is very
similar to that of PR4 reported previously (Davis et al.,
1982).
The PL molecular species compositions of PRD1 and its
host were determined by mass-spectrometry as described in
Materials and methods. The use of multiple internal stand-
ards allowed us to determine the molecular species compo-
sition quantitatively. The major PE species were 32:1 (with
acyl chains 16:0/16:1), 34:2 (16:1/18:1), and 34:1 (16:0/
18:1) in all three different membranes (Fig. 2, panel A).
Overall, the PE molecular species composition of PRD1
more closely resembled the composition of the CM than that
of the OM. The di-unsaturated PE species (especially 34:2)
were less abundant, and the mono-unsaturated 30:1 and 34:1
species were more abundant in the OM than in either the CM
or PRD1. In all membranes, the major PG species were 32:1
(16:1/16:0), 34:2 (16:1/18:1), 34:1 (16:0/18:1), and 36:2
(18:1/18:1) (Fig. 2, panel B). PRD1 contained less di-
unsaturated 34:2 and 36:2 species than either of the host
membranes. The percentages of the major mono-unsaturated
Fig. 2. The major PE and PG molecular species in PRD1, and cytoplasmic and outer membranes of the host are shown in panels A and B, respectively. Minor
molecular species not exceeding 0.5% of the total are not shown. Molecular species are noted by X:Y where X is the sum of fatty acyl carbon atoms and Y is the
sum of double bonds. The major acyl pairs are marked below the molecular species labels, and only negligible amounts of other acyl fragments were detected
by MS/MS.
Fig. 3. Phospholipid fatty acid composition of PRD1, and cytoplasmic and
outer membranes of the host DS88. Phospholipid fatty acids were hydrolyzed
and transesterified to fatty acid methyl esters as described in Materials and
methods. Only the major fatty acids exceeding 0.5% of the total are shown in
the figure. Abbreviations to the figure: i—iso, c11—cis D 11.
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OM.
To back-up the LC-ESI-MS data, we analyzed the total
fatty acid composition of PRD1 and the membranes of its
host by GC-MS. The major fatty acids in PRD1, CM, and
OM were 16:0, c9–16:1, and c11–18:1 (Fig. 3), the relative
amounts of these fatty acids being higher in PRD1 than in
either the CM or OM. On the other hand, PRD1 contained
less 18:0 than the host membranes. PRD1 membrane resem-
bled the CM in having only small amounts of 14:0. The total
FA composition of PRD1 agrees well with the molecular
species compositions determined by LC-ESI-MS, and is
similar to that of PR4 determined previously (Davis et al.,
1982) (Table 1).
Phospholipid class, molecular species, and fatty acid
compositions of Bam35 and its B. thuringiensis host
The lipid composition of another member of the Tectivir-
idae family, Bam35 infecting Gram-positive hosts, was
determined to compare this phage with PRD1. The clear
plaque derivative, Bam35c (Ravantti et al., 2003), was used
here. The lipid composition of its host, B. thuringiensis
HER1410, was also determined. In Bam35, the relative
amount of PE was lower and PG was higher than in the host
(Fig. 4).
Nearly all of the PE species were present in similar
proportions in the phage and its host (Fig. 5, panel A).However, Bam35 contained slightly more of the mono-
unsaturated PE species than its host. It is notable that
significant amounts of saturated but undetectable amounts
of di-unsaturated molecular species were present in both PE
and PG of Bam35 and its host. In PG, the 30:0 (15:0/15:0)
and 32:0 (15:0/17:0) species were the most prominent ones
Fig. 5. PE, PG, and CL molecular species compositions of bacteriophage
Bam35 and host HER1410 are shown in panels A, B, and C, respectively.
Minor molecular species not exceeding 1% of the total are not shown. Error
bars equal standard deviation (for PE and PG, n = 3 for Bam35 and n = 5
for HER1410; for CL, n = 2 for Bam35 and HER1410). For other details,
see Fig. 2.
Table 1
Fatty acid compositions of PRD1 and PR4a
Fatty acidsb PRD1 PR4c
Determined
by GCd
Calculated
from MS datae
14:1 0,4 0,1
14:0 2,9 0,8 1,1
15:1 0,1
15:0 0,3 0,7
16:1 30,3 32,0 29,8
16:0 37,9 37,1 43,8
17:1 3,2 4,4 3,9
17:0 0,3
18:1 23,4 22,7 18,5
18:0 1,0 1,9 1,8
19:1 0,3
a FA compositions are expressed as mol%.
b Includes all structural isomers.
c FA composition of PR4 grown in E. coli TD6 was determined by Davis et
al. (1982), and converted to mol% here for comparison.
d GC analysis was performed as described in Materials and methods.
e FA composition of PRD1 was calculated from molecular species
compositions determined by MS analyses.
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(f65%) in PG than in PE (f45%). On the average, the
chain length of the saturated PG species in Bam35 was
longer than in the host. The CL molecular species compo-
sitions of Bam35 and its host were quite similar, with
saturated and mono-unsaturated species being the most
abundant ones (Fig. 5, panel C).
In Bam35 and its host, the most abundant fatty acid was
iso-branched 15:0 (Fig. 6). In fact, most of the fatty acids of
HER1410 and Bam35 were branched (iso or anteiso), which
is a common feature in Bacilli (Kaneda, 1977). The propor-
tion of mono-unsaturated fatty acids was quite small. Bam35
contained slightly more of the long-chain fatty acids than its
host.Fig. 4. Phospholipid class composition of bacteriophage Bam35 and its host
Bacillus thuringiensisHER1410. Error bars equal standard deviation (n = 3).
Fig. 6. Composition of the total lipid fatty acids of bacteriophage Bam35 and
its host. Electron impact mass spectrum of 16:1X resembled closely that of
c9–16:1, but the retention time was between those of c9- and c11- isomers,
suggesting the c10 position for the double bond. Error bars equal standard
deviation (n = 3 for Bam35 and n = 5 for HER1410). Abbreviations:
ai = anteiso, br = branched. Other details as in Fig. 3.
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also contain neutral lipids including diglycerides, squalenes,
and fatty acids as well as glyceroglycolipids (Bishop et al.,
1967; Clejan et al., 1986). We did not study these lipids in
detail here, but semiquantitative TLC analyses (see Materials
and methods) indicated that they together constituted ap-
proximately 30% of the total lipids of B. thuringiensis
HER1410, but only 5–7% of the total lipid of Bam35. Thus,
these lipids are not efficiently incorporated to bacteriophage,
the reason for which is unclear now.Discussion
The PG/PE ratio was higher in both bacteriophages as
compared to the membranes of their hosts. This feature is
also shared by the enveloped dsRNA phage, phi6 of the
Cystoviridae family (unpublished data). There are several
possible reasons that, alone or together, could explain the
enrichment of PG in the viral membranes. First, positively
charged amino acid side chains in the viral membrane or coat
proteins may attract negatively charged PGmolecules, which
therefore become enriched in the viral membrane. Cross-
linking studies have shown that PG may preferentially
interact with certain proteins of PR4 (Davis and Cronan,
1985). Also, such PG–protein interactions have been shown
to account (at least partially) for the asymmetric distribution
of membrane lipids in PM2 phage (a corticovirus), which
also contains an internal membrane (Schafer et al., 1974).
However, the enrichment of PGmay not be required for virus
assembly and infectivity, because a PR4 host defective in PG
synthesis can produce infectious PR4 particles (Vanden
Boom and Cronan, 1988). In this phage (as in the host),
PG was replaced by phosphatidic acid, indicating that
negatively charged lipids, but not a specific type of lipid
head groups, are needed for phage assembly and infectivity.
Another reason for the higher PG/PE ratio in the phage
membrane could relate to the higher curvature of the phage
membrane as compared to the host membrane. The effective
cross-sectional area of the polar head group of PG is similar
to that of its acyl chains and thus the effective shape of a PG
molecule is cylindrical. In the case of PE, however, the
effective size of the head group is smaller than that of the
acyl chains and thus the molecule has a cone shape (de
Kruijff, 1987, 1997). Because of its cone shape, PE would
not fit well to the outer leaflet of the phage membrane having
significant positive curvature, and therefore PE could be
excluded from this leaflet relative to PG when a lipid-
containing virus matures. It could be argued that the negative
curvature of the inner leaflet of the phage membrane should
result in enrichment of PE to this leaflet, thus counteracting
or even canceling the (effective shape driven) overall en-
richment of PG. Notably, however, the area of the outer
leaflet in the phage membrane is significantly larger (nearly
40%) than that of the inner one due to the small diameter of
the lipid membrane (f500 A˚). Thus, enrichment of PG tothe phage membrane could indeed exceed that of PE. Third,
viral infection may modulate the lipid synthesis of the host to
produce more PG (or less PE). This possibility could not be
tested because of difficulties in isolating membranes from
the hosts at the time of virus release.
The LC-ESI-MS analysis revealed that the OM of PRD1’s
host DS88 is enriched in mono-unsaturated molecular spe-
cies, although the CM is enriched in di-unsaturated ones. A
possible reason for the enrichment of di-unsaturated species
in the CM is that they help to support the activity of the many
enzymes present in this membrane (Thilo et al., 1977).
The lipids of PRD1 and its Gram-negative host contained
significant amounts of unsaturated acyl chains, although
Bam35 and its Gram-positive host contained only few (Figs.
3 and 6). Instead, the latter ones contained large amounts
branched fatty acids in their phospholipids. The differences
in the PL acyl chain compositions between the Gram-
negative and -positive hosts originate from the basic differ-
ences in the initial steps of the fatty acid synthesis (Choi et
al., 2000; Kaneda and Smith, 1980; Oku and Kaneda, 1988).
The acyl chain compositions of both phages are quite similar
to that of their respective hosts, indicating that there is little,
if any, selection based on the fatty acids when the host
membrane phospholipids incorporate to the phage mem-
brane. Although it is not straightforward to compare the
physical properties of the two phage membranes, apparently,
the hydrophobic membrane interior is quite fluid/disordered
in both cases due to presence of relatively high concentra-
tions of short and either unsaturated (PRD1) or branched
(Bam35) acyl chains. Previous studies have shown that
addition of either double bonds or branches to acyl chains
increase disorder within the lipid bilayer (Kaneda, 1991;
Suutari and Laakso, 1994). One could speculate that such an
increased membrane fluidity is needed for efficient forma-
tion of tubular membrane structures (at particle vertexes)
acting as ‘‘tunnels’’ for the DNA extruding out the particle
(Grahn et al., 2002).
The detailed lipid analysis of these two viral systems
clearly revealed that these viruses are adapted to the
distinct lipid molecular species environment provided by
the host in spite of the strongly conserved structural
features. Lipid analysis that can be carried out with
picomole quantities (see below) clearly distinguishes be-
tween these two viruses.
In this study, a recently developed powerful method
(Ka¨kela¨ et al., 2003), that is, quantitative LC-ESI-MS, was
used for the first time to determine the PL molecular species
compositions of phage lipids. LC-ESI-MS is particularly
suited for such studies on minute samples as it requires 3–4
orders of magnitude less sample than the conventional
methods. This method also provides more detailed molecular
species profiles and is much faster and simpler than the
conventional ones. We believe that LC-ESI-MS will be a
highly useful tool, particularly when combined with new
bioinformatics tools, for identification and classification of
bacteria, viruses, and other organisms. Notably, LC-ESI-MS
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metabolism and turnover when used in combination with
stable-isotope labeled precursors (DeLong et al., 1999;
Heikinheimo and Somerharju, 2002).Materials and methods
Chemicals
Di-14:1, di-20:1, and di-22:1 phosphatidylcholine (PC)
and tetra-14:0 and tetra-18:1 CL were purchased from
Avanti Polar Lipids, although di-14:1, di-20:1 and di-22:1
PEs di-14:1 and di-20:1 PG were synthesized using phos-
pholipase D (Streptomyces sp.) mediated transphosphatidy-
lation as described previously (Ka¨kela¨ et al., 2003).
Lysozyme was from Boehringer Mannheim. DNase 1,
Tris-base, phospholipase D, orcinol ferric chloride (Bial’s
reagent), and standard phosphorus solution were from
Sigma, RNase A was from Roche, sucrose was from BDH
Laboratory Supplies, triethylamine was from Aldrich, and
ascorbic acid was from J.T. Baker. Ammonia, acetic acid,
sulfuric acid, formic acid, potassium chloride, sodium
chloride, ammonium sulfate, and hydrochloric acid were
from Riedel-de Ha¨en. Other chemicals were from Merck.
All solvents were of HPLC grade and other chemical
reagents of analytical grade.
Viruses and bacteria
PRD1 was grown on S. enterica sv. Typhimurium DS88
using rich LB medium and was twice purified to obtain
ultra-pure virus as previously described (Walin et al., 1994).
Bam35 and its host, B. thuringiensis HER1410, were
originally obtained from the F. d’Herelle Reference Center
for Bacterial Viruses, Laval University, Quebec, Canada,
and a clear plaque derivative (Bam35c) was grown in LB
medium and the virus was twice purified as described by
(Ravantti et al., 2003).
Preparation of the membranes from bacteria
B. thuringiensis HER1410 and S. enterica DS88 were
grown in LB with aeration at 37 jC to stationary phase, after
which they were diluted 1:10 in LB and incubated with
aeration at 37 and 28 jC, respectively, to reach the cell
density used for virus infection (2  108 and 5  108 CFU/
ml, respectively). The cells were harvested (SLA 3000,
7000 rpm for 20 min at 4 jC), the pellet washed twice with
10 mM Tris–HCl, pH 7.4, and suspended in 4 ml 10 mM
Tris–HCl, pH 7.4.
For the disruption of HER1410 cells, lysozyme was
added to a final concentration of 5 mg/ml and the mixture
was sonicated (Rapidis sonicator, Ultrasonics Ltd., UK)
twice for 10 s on ice (Filgueiras and Op den Kamp, 1980;
Lacombe and Lubochinsky, 1988). The mixture then wasincubated for 20 min at 22 jC and the lipids were
extracted.
The OM and CM membranes of S. enterica DS88 were
obtained using standard procedures (de Maagd and Lugten-
berg, 1986; Osborn et al., 1972) except that a floatation
gradient was utilized. All procedures were performed in the
cold unless stated otherwise. In short, lysozyme, DNase, and
RNase (0.1 mg/ml each) were added to the cell suspension
(see above) and the cells were disrupted by two passages
through a precooled French Pressure Cell (SLM Instru-
ments, Inc., USA) (1  500–850 atm). Debris was removed
by centrifugation (Sorvall SS34 rotor, 8000 rpm, 15 min at 4
jC). Lysozyme, DNase, and RNase were added again to a
final concentration 0.2 mg/ml each and the mixture was
incubated at 22 jC for 20 min followed by dilution (1:2)
with 10 mM Tris–HCl, pH 7.4, 5 mM EDTA. KCl was
added to a final concentration 0.2 M, and the total mem-
brane fraction was collected by centrifugation (Beckman 50
Ti rotor, 35000 rpm, 10 h, 4 jC). The pellet was rinsed with
5 ml of 10 mM Tris–HCl, pH 7.4, 5 mM EDTA, and
suspended in 1 ml of 10 mM Tris–HCl, pH 7.4, 5 mM
EDTA. Solid sucrose was added to the suspension and
dissolved, by magnetic stirring, to obtain the concentration
of f62% (w/w).
A sucrose cushion (0.5 ml of 67%, w/w) was layered at
the bottom of a Beckman SW 41 centrifuge tube and the
crude membrane fraction (0.5 ml) was layered on top of the
cushion. The sample was overlaid with 3.5 ml of 57%, 3 ml
of 48%, 3 ml of 39%, 1 ml of 30% (w/w) sucrose, and the
OM and CM were separated by centrifugation (35000 rpm,
72 h, 4 jC). Fractions (0.5 ml) were collected using a piston
gradient fractionator (BioComp, Canada) or manually, and
their densities were determined based on refractive index.
The membrane-containing fractions were diluted 3–5 times
with 10 mM Tris–HCl, 5 mM EDTA, pH 7.4, and pelleted
by centrifugation (Beckman 50 Ti rotor, 35000 rpm, 10 h, 4
jC). The PL were then extracted from the pellets and stored
at 20 jC for a maximum of 2 weeks or until analyzed.
Lipid extraction and thin-layer chromatography
The lipids from intact viruses and isolated bacterial
membranes were extracted essentially as described by Folch
et al. (1957), except that no salt was included during the
washing steps. Chloroform/methanol/acetic acid (65:25:10;
v/v) (Kamio and Takahashi, 1980) was used as the solvent
system to separate the PL classes on silica gel plates (silica
gel 60; Merck). Marker lipids were used to identify PE, PG,
and CL. The lipids were visualized by iodine vapor after
which they were scraped from the plate and their phospho-
rus content was determined according to Bartlett and Lewis
(1970).
Neutral lipids were separated by thin-layer chromatogra-
phy (TLC) using hexane/diethyl ether/acetic acid (80:20:1;
v/v) as the solvent (Kates, 1972) and determined semiquan-
titatively by staining with iodine followed by scanning and
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2.00, Raytest Isotopenmehgera¨te GmbH). Known amounts
of standard lipids were run with the samples for calibrations.
Orcinol ferric chloride (Bial’s reagent) was used to specif-
ically detect glycolipids.
Mass-spectrometric analysis of phospholipids
The lipid extracts were spiked with a cocktail of internal
standards (di-14:1-, di-20:1- and di-22:1 PE, di-14:1- and
di-20:1 PG, tetra-14:0 and tetra-18:1 CL), evaporated to
dryness under nitrogen, and dissolved in hexane/isopropa-
nol (75:25 v/v) or in chloroform–methanol (1:2 v/v). The
PL molecular species were quantified using LC-ESI-MS.
The LC system consisted of a Merck LaChrom pump,
autosampler, and column oven set to 45 jC, LC-Packings
Acurate Microsplitter and an Interchrom Lichrospher diol
column (250  1 mm, 5 Am). A hexane-isopropanol-based
solvent system (Ka¨kela¨ et al., 2003) was used and the LC
was coupled online with a Micromass Quattro Micro mass-
spectrometer (Micromass, Manchester, UK) operated in
negative mode. The data were analyzed as described previ-
ously (Ka¨kela¨ et al., 2003; Koivusalo et al., 2001). The
identity of all molecular species of PE and PG were
confirmed by using direct infusion MS/MS. Scanning for
the neutral loss of 141 in the positive ion mode allowed
selective detection of the PE species (Bru¨gger et al., 1997;
Kerwin et al., 1994), although scanning for precursors of
171 in the negative ion mode specifically detected the PG
species (Hsu and Turk, 2001). The fatty acyl residues in
each molecular species were studied by using MS/MS
precursor scans (Hsu and Turk, 2000).
Gas–liquid chromatography/mass-spectrometric analysis of
total fatty acids
The viral or bacterial lipid extracts were evaporated
under nitrogen and transmethylated in 1% H2SO4 in meth-
anol for 90 min at 95 jC. The fatty acid methyl esters were
then extracted using hexane and analyzed by a gas–liquid
chromatography using both flame ionization (FID) and
mass detection (6890N network GC with FID and 5973
MSD, Agilent, USA) and DB-wax capillary columns (J&W
Scientific, USA). The identification of fatty acids was based
on the comparison of their retention times and mass spectra
with those of authentic (Sigma) and natural standards of
known composition and published reference spectra (Chris-
tie W.W., http://www.lipid.co.uk/infores/masspec.html).
The FID responses were corrected according to Ackman
(1991).
Other methods
The Coomassie brilliant blue method of Bradford (1976)
was used to determine the protein concentration using BSA
as the standard. SDS-PAGE (16% acrylamide) analysis ofthe protein composition was carried out as detailed previ-
ously (Olkkonen and Bamford, 1989).Acknowledgments
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